The term "infection" as used in scientific literature includes the process of invasion by a pathogenic microorganism or virus and the pathological consequences of such an attack. The Germans often speak of "anfdlligkeit," i.e. the disposition to attack by a noxious agent as distinct from "hinfialigkeit" or the tendency to succumb to the morbid changes produced by the irritant.
(From The Henry Phipps Institute, The University of Pennsylvania, Philadelphia) (Received for publication, February 19, 1944) The term "infection" as used in scientific literature includes the process of invasion by a pathogenic microorganism or virus and the pathological consequences of such an attack. The Germans often speak of "anfdlligkeit," i.e. the disposition to attack by a noxious agent as distinct from "hinfialigkeit" or the tendency to succumb to the morbid changes produced by the irritant.
While one may expect, on a priori basis, a certain parallelism between the resistance against these two phases of infection there is no logical necessity for their identity.
In the course of a study of the character of the varying inherited natural resistance to tuberculosis in certain inbred rabbit families (1) it became increasingly clear that, if these rabbits were exposed to natural contagion, there was frequently a marked discrepancy between the rapidity with which they acquired tuberculosis on the one hand and the duration of the ensuing disease on the other. The present report deals with these two phases of resistance in the family A, of high inherited resistance to tuberculosis, and the families C and F, of low inherited resistance to the disease.
While the varying resistance of these rabbits to tuberculosis could be demonstrated with statistical reliability by the parenteral administration of standard doses of virulent tubercle bacilli, this differing resistance was not elicited when larger quantities of the microorganism were used. In the course of the first 7 years of this investigation the resistance characteristic for each family did not differ materially in the successive generations exposed at different times to natural contagion. However, the manner in which these were exposed was not deliberately varied in the different experiments and the resulting concentration of tubercle bacilli in the air breathed by these rabbits was perhaps similar throughout. During the study of the effect of ultraviolet radiation on the contagion of tuberculosis as reported in the preceding paper (2) it was noted that the disease developed by the members of the families C and F of low resistance was of the same rapidly progressive type as in the past. However, the progress and type of disease acquired by the members of the genetically * Aided by a grant from the Commonwealth Fund. 573 resistant family A was often more severe than in the preceding 7 years. While it is conceivable that this altered behavior might have been due to genetic changes introduced by unsuitable inbreeding, since the family is not yet homozygous, this seems unlikely for there is evidence to the contrary. What is known is that the procedures used for exposing the rabbits of this experiment resulted in a higher concentration of tubercle bacilli in the air than occurred in the past. The effect of this environmental variable, the concentration of the infectious agent, on the genetically determined high resistance of family A and on the similarly determined low resistance of families C and F is the second subject of this communication.
Materials and Methods
The data analyzed in this paper have been obtained in the course of the past 10 years of study of the inherited natural resistance to tuberculosis of six families of rabbits. Here only three of these families are considered, A, C, and F. All were normal rabbits that were exposed to natural air-borne contagion of tuberculosis by living on one side of cages separated in the middle by a wire mesh screen. On the other side of this screen were placed a certain number of rabbits artificially infected with virulent tubercle bacilli, usually by the intravenous route. Four or eight infected rabbits served as sources of contagion for five or ten contacts respectively, depending on the size of the cage which varied in different experiments. The population of the artificially infected rabbits was maintained constant throughout the period of exposure by replacing the dying animals by similarly inoculated rabbits. The urine of these rabbits was examined for tubercle bacilli by direct smear or culture at different periods during the course of their disease. Every 2 to 4 weeks the contacts were tested with tuberculin. The onset of the disease in the contacts was dated from the time when the tuberculin reaction became definitely positive. Careful autopsy was performed at time of death.
The Rapidity of Attack by Tuberculosis and the Duration of the Ensuing Disease in Rabbits of High and Low Genetic Resistance
Text- fig. 1 depicts the interval in months between the beginning of exposure to the contagion and the onset of a positive tuberculin reaction in each of eight rabbits of the family A of high resistance and in seven rabbits of the families C and F of low resistance.
These rabbits were exposed in the unirradiated control room of the experiment of 1942-43 reported in the preceding paper (2). The duration of the preallergie period is given by the length of the white column above the base line. If at autopsy a rabbit showed tuberculous changes, the duration of the postallergic or disease period is given by the length of the black column. If at death this tuberculin positive rabbit failed to show any tuberculous lesion, the duration of the allergic period is given by the length of the stippled column. If the rabbit acquired no tuberculin sensitivity and showed no demonstrable tuberculosis at death, the duration of its exposure is given by the length of the white column. At the head of each of these columns is given the name of the rabbit, the family and inbred generation to which it belonged, and the cause of its death. If tuberculosis was present, the character of the acquired disease is given by the designation: R.P.D., meaning a rapidly progressive disseminating disease, or the letters: S.P.L., designating a slowly progressive tuberculosis with localizing tendencies, and Int., a disease of a character intermediate between these two. The basis of this classification for these rabbits is given in detail later.
A8-29 INT,
A"o31 NO TBC ' M05.
12"
II. While it took from 0.9 to 3.6 months or an average of 2 months for the members of the resistant A family to become tuberculin sensitive, this preallergic period ranged from 1.3 to 8.3 or an average of 4.7 months for the rabbits of the families C and F of low resistance. On the other hand, the duration of fatal tuberculosis in the A rabbits ranged from 4.1 to 10.4 months, an average of 6.4 months, and the duration of the disease in the C and F rabbits ranged from 2.1 to 3.9 months, an average of only 3.5 months. Thus, the rabbits of high resistance showed evidence of being infected quickly but died of a chronic, slowly progressive disease, while the members of the families of low resistance showed evidence of being infected slowly but died of a rapidly progressive disease.
Text- fig. 2 presents the same data for the group as a whole. Two months after the beginning of exposure four of the seven resistant rabbits that eventually acquired tuberculin sensitivity were already allergic; at this time, of the PER CENT
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seven rabbits of the families of low resistance that eventually became tuberculin sensitive, only one was allergic. Again, all the resistant rabbits that acquired tuberculin sensitivity attained this state in 4 months, while only 42.5 per cent of the rabbits of low resistance reached this state in this time. This figure also shows the average duration of the disease in these two groups of families. If we take the onset of allergy as evidence of the beginning of the disease, it is clear that the highly resistant animals are attacked by tuberculosis more quickly than the rabbits of low resistance, but that they resist the progress of the ensuing disease more effectively than the latter. TExT-Fro. 2. Rapidity of attack by tuberculous contagion and duration of ensuing disease in rabbit families. Table I lists the preallergic period and the duration of the ensuing disease found in all the rabbits of the three families used throughout the 10 years of these studies, including the animals of 1942-43 just illustrated. Only those rabbits are presented which developed clear cut tuberculin reactions. It is seen that the duration of the acquired disease in the A rabbits averaged 8.3 months, while that of the F and C rabbits was only 4.2 months. A statistical analysis of these data according to the "Student" t-distribution curve shows that the probability, P, that the observed difference in the duration of the disease between the A rabbits on the one hand and C and F rabbits on the other was not due to random sampling, is 0.999 or 99.9 per cent. There is no doubt, therefore, that A rabbits acquire a more slowly progressive disease as here measured than the rabbits of either the C or F families. By contrast the preallergic period of the A rabbits was 3.1, that of F rabbits was 6.1, and that of the C rabbits was 4.7 months. An analysis of these data shows that the value of P for the difference between A and F rabbits is 0.999 and of high statistical significance. The value of P between the A's and C's on the other hand is 0.976, which has only limited significance. Hence, the rabbits of the F familyresist the engrafting of tuberculosis twice as long as the rabbits of the A family, as determined by the onset of tuberculin sensitivity, though they succumb to the disease much more quickly. The rabbits of the C family also resist the onset of the disease for a longer time, though this difference is not as pronounced or as certain, yet they also succumb to tuberculosis much more rapidly than the rabbits of the A family.
It may be questioned, however, whether the development of hypersensitivity to tuberculin is an accurate index of the time of the onset of the disease. The rabbits of these three families may develop tuberculin sensitivity with varying rapidity and intensity following infection. However there is evidence, now to be produced, that the duration of the disease as determined by the interval between the onset of tuberculin sensitivity and death is substantially correct. It follows therefore that the time of onset of the disease or the rapidity of attack by tuberculosis as determined by this test must also be correct.
In the first place, the rabbits of the A family listed above whose duration of disease, as determined by the tuberculin test, was twice as long as that of the rabbits of the F and C families showed clear pathological evidence that the progress of the infection in them was slow as compared with that in rabbits of the F or C families. In the former the disease had the character of a slowly progressive tuberculosis with a tendency to localization at the portal of entry. In the latter the disease was always a fulminating infection with a marked tendency for dissemination. Furthermore, when the rabbits of the resistant family A were exposed to high concentrations of tubercle bacilli their disease was of shorter duration, as determined by the tuberculin test, than when these rabbits were exposed to lower concentrations of the microorganism. Under these conditions the pathological character of the disease was correspondingly of a more rapidly progressive type.
Again (1), when four to five members of these three families were given a simultaneous intracutaneous inoculation of 0.2 mg. of living, virulent Ravenel bovine type tubercle bacilli, the A rabbits survived an average of 539 days, the F rabbits, 141, and the C rabbits, 121 days. Finally when A and F rabbits simultaneously inhaled small, known numbers of tubercle bacilli at a single exposure in a specially constructed apparatus for air-borne contagion (3), not only did the A rabbits survive a longer period than the F animals, but the former acquired a chronic encapsulating ulcerative disease localized at the portal of entry, namely, the lungs, without involvement of the draining tracheobronchial lymph nodes and without hematogenous dissemination to the viscera. The F rabbits, on the other hand, succumbed to an acute disease characterized by a caseous pneumonia without encapsulation or liquefaction, with massive caseation of the draining node, and with progressive lesions in the viscera of hematogenous origin.
It is clear, therefore, that the tuberculin test was a reliable indicator of the duration of the disease. Hence the assumption seems warranted that the test was informative also on the rapidity of attack by tuberculosis, although the exact time of onset cannot be thought of as given by the development of tuberculin sensitivity. One may conclude that the rabbits of the A family have little resistance to attack by tuberculosis, though they have great resistance to the ensuing disease. The F family, on the other hand, has considerable resistance against attack by tubercle bacilli but little resistance against the ensuing disease.
The Rapidity of Attack, Incidence, Duration, and Type of Naturally Acquired Tuberculosis in Rabbits of High and Low Hereditary Resistance As Influenced by Varying Concentrations of the Agent of Contagion
During the past 5 years three experiments on air-borne contagion were conducted in the same cage. Members of the families A, C, and F were exposed simultaneously to contagion which was increased in intensity in different experiments. The intensity of exposure to tuberculosis was measured by the per cent of rabbits used as sources of contagion, which showed tubercle bacilli in the direct smear of the urine at death. The proportion of infected rabbits to exposed contacts was the same in these three experiments: namely, four rabbits artificially infected by various parenteral routes served as sources of contagion In the 1939-40 experiment the urine of 34.6 per cent of the rabbits used as sources of contagion contained tubercle bacilli. The contacts of the 1941-42 experiment were animals exposed in the unirradiated half of the cage used at that time, as reported in the preceding paper (2). The urine of 32.3 per cent of the rabbits which served as sources of contagion for these contacts contained tubercle bacilli. As stated in this paper, ultraviolet energy was present in a part of the room continuous with the space in which these rabbits were exposed. It was demonstrated that ultraviolet radiation reduces the transmission of tuberculosis, and, if present in sufficient concentration, almost completely eliminates it. Hence, though the number of rabbits shedding tubercle bacilli was about the same as in the 1939-40 experiment, the presence of ultraviolet radiation in this room had reduced considerably the concentration of living tubercle bacilli available in this experiment. It should be noted (see Table II) that peanut shells served as bedding for the rabbits used as sources of contagion in the experiment of 1941--42 and peat moss in that of the preceding year. It is not unlikely that peanut shells also reduced the number of bacilli in the air for peat moss absorbs the urine well and peanut shells poorly. Since the main source of contagion in these experiments is the urin~ of the rabbits, it is probable that more tubercle bacilli-bearing particles were thrown into the air by the movement of rabbits bedded with peat moss than of those bedded with peanut shells.
The concentration of the infecting agent to which the contacts were exposed was higher in the experiment of 1942--43 than in the other two. In the first place the rabbits serving as sources of contagion were all infected by injection of tubercle bacilli into the kidney. This method of infection gives rise to a continuous elimination by the urine of culturally demonstrable tubercle bacilli beginning with the 3rd week following inoculation. 1 Other routes of infection do not cause such early and persistent elimination of tubercle bacilli. As is shown in the table, the urine of 78.2 per cent of these rabbits contained tubercle bacilli and the animals were bedded with peat moss. No ultraviolet radiation was present in the room where the contacts were exposed. Hence the rabbits of this experiment were exposed to a concentration of tubercle bacilli which was more than twice as great as that for the contacts of 193940.
Though the number of tubercle bacilli in the air in each of the three experiments was not determined, it is clear that the exposure of contacts of 1941-42 was least; that of the 1939-40 contacts was greater, whereas that of the 1942-43 contacts was highest.
The rabbits of the three families studied in these three experiments were members of successive, strictly inbred generations of the family A of high resistance and families C and F of low resistance. Intravenous inoculations of 0.000, 1 mg. of bovine type tubercle bacilli into other rabbits of these generations revealed that the genetically determined resistance of each of these families had been retained during the course of the experiments. Table III gives the detailed results of the 1941-42 experiment in which the intensity of exposure was lowest. It will be seen that none of the seven rabbits of the highly resistant family A acquired demonstrable lesions of tuberculosis after an exposure of 12.9 to 14.9 months or an average of 14.6 months. Of the eleven rabbits of the C and F families of low resistance exposed for a period ranging from 4.5 to 15 months, an average of 9.8 months, two rabbits of the C family developed rapidly progressive disseminated tuberculosis as indicated by the unencapsulated primary foci of caseous pneumonia, the extensive caseation of the draining tracheobronchial nodes, the extensive and progressive 1 Acknowledgment is hereby made to Sylvia Brener for the determination of the number of bacilli shed in the urine of these rabbits following different periods of inoculation. lesions due to hematogenous generalization, and the short duration of the disease. The average duration of the disease for these two rabbits was 3.0 months. While none of the rabbits of family A showed tuberculous lesions at autopsy, four of them showed persistent tuberculin reactions which were acquired from the 3rd to the 6th month following the beginning of exposure or after an average period of 4.4 months. The rabbits of low resistance acquired allergic sensitivity from the 3rd to the 9th month after the beginning of exposure to contagion with an average preallergic period of 5.5 months. The rabbits of family A, therefore, were attacked by the tubercle bacillus more quickly than the less resistant rabbits, and all of the former overcame the infection while some of the latter succumbed to the disease. Table IV details the results of the contagion experiment conducted with the same three families in 1939-40. It will be remembered that the concentration of tubercle bacilli in the air in this experiment was distinctly greater than in that of 1941--42. Of the six highly resistant rabbits of family A three acquired a slowly progressive tuberculosis which was fatal in 10.5 to 12.9 months or an average of 11.4 months. The primary pulmonary focus was a single encapsulated cavity in two instances. The tracheobronchial nodes were unaffected in any of the three rabbits and, as the lesions of hematogenous origin were slight, a tendency to localize the infection at the portal of entry was evident. Spread of the disease through the urinary and respiratory passages was apparent.
Of the eleven contacts of low resistance from the families C and F exposed in this period, ten, or 90.9 per cent, acquired tuberculosis as compared with two out of eleven, or an 18.2 per cent incidence, in the 1941-42 experiment. Accompanying this increase in incidence there was also acceleration of attack as indicated by a decrease from an average preallergic period of 5.5 months under conditions of low intensity of exposure to a prea]lergic period of 4.3 under conditions of greater exposure to contagion.
While the incidence and rapidity of attack were distinctly influenced by the increased concentration of tubercle bacilli, the type and duration of the disease was the same as that which killed these rabbits in the 1941-42 experiment. In all instances the disease was rapidly progressive and widely disseminating in type. The duration of the disease ranged from 3 to 4.9 months and averaged 3.8 months, which is not significantly different from that of the disease in the C rabbits of the previous experiment. Table V records the results of the 1942-43 experiment in which the concentration of tubercle bacilli in the air was the highest of the series. This, it will be recalled, was more than twice as great as that of the 1939-40 study. In this experiment the seventh or eighth inbred generation of the family A of high resistance was exposed together with the fifth or sixth inbred generations of the families C and F of low resistance. In family A the incidence of demonstrable tuberculosis at autopsy was five out of the eight exposed, or 62.5 per cent, which is definitely greater than that of the preceding experiment. Again, the increased exposure to tubercle bacilli was associated with a further acceleration of the onset of the disease. The preallergic period in this experiment varied from 0.9 to 3.6 months, an average of 2 months, as compared with an average of 3.7 months of the preceding ekperiment.
Not only was the incidence of the disease increased, the rapidity of attack by tuberculosis accelerated, but the type of the disease acquired by the rabbits of the A family in this experiment frequently partook of some of the qualities characteristic of the families C and F of low resistance. The duration of the disease was also considerably reduced.
Thus while in two out of the five contacts that acquired tuberculosis the tracheobronchial nodes were unaffected, in three they showed slight discrete caseous foci or larger encapsulated liquefied lesions. Furthermore, the number and progression of the lesions due to hematogenous dissemination were much greater in some of these rabbits than occurred in this family under conditions in which the concentration of bacilli was lower. Yet the primary pulmonary focus was usually single, encapsulated, and liquefied in this experiment as in the previous study. The duration of the disease varied from 4.1 to 10.4 months, an average of 6.4 months as compared with the 11.4 months' duration of the disease/or the rabbits of this resistant family in the experiment of 1939-40 in which the concentration of tubercle bacilli was less. Hence, in this experiment the disease acquired by the rabbits of high genetic resistance was often of a type intermediate between the rapidly progressive disseminating disease characteristic of families of low resistance and the slowly progressive localizing tuberculosis acquired by this family under conditions in which the concentration of the bacilli was less.
By contrast the families C and F of low resistance differed in no essential respect in their response to this high concentration of tubercle bacilli in 1942-43 as compared to their response to the medium concentration of the 1939-40 experiment. Thus, six out of seven rabbits, or 85.7 per cent, developed fatal tuberculosis in this experiment as compared with 90.9 per cent in the previous experiment. Again, the preallergic period ranged from 1.3 to 8.3 months, an average of 4.7 months, as compared with a range of 1.9 to 11.7, an average of 4.3 months, in the preceding experiment. The duration of the disease in this experiment ranged from 2.1 to 3.9 months, an average of 3.5 months, as compared with a range of 3 to 4.9 months, an average of 3.8 months, in the 1939--40 experiment. In each instance, in both experiments, the disease was a rapidly progressive tuberculosis of the disseminating type.
Table VI summarizes the effect of increasing concentrations of tubercle bacilli on the family A of high genetic resistance. With the lowest concentration, all animals escaped demonstrable tuberculous lesions though half of them -I--I--l- acquired tuberculin sensitivity. These rabbits were attacked by tuberculosis after the lapse of about 4~ months. With a higher concentration, half of the animals succumbed to a slowly progressive localizing infection and the rapidity of attack by tuberculosis was accelerated. With the highest concentration the incidence of fatal tuberculosis increased still more and the rapidity of attack was further accelerated. Under these conditions the animals succumbed to a subacute disease intermediate in type between that characteristic of rabbits of high and low resistance. A very high concentration of the infectious agent thus modified the genetically controlled response to the disease. Table VII summarizes the effect of the same increasing concentrations of tubercle bacilli on the families C and F of low genetic resistance. With the lowest concentration, a small proportion developed fatal tuberculosis and were attacked by the disease in about 5{ months. With a higher concentration the incidence of fatal tuberculosis was greatly increased and the rapidity of attack was accelerated. Neither the incidence of fatal tuberculosis nor the rapidity of the attack by the disease was increased by a further increase in the concentration of the infectious agent. The type and duration of the disease was the same throughout, namely a rapidly, progressive widely disseminated tuberculosis. The genetically controlled low resistance of these families was thus unaffected by increasing concentrations of tubercle bacilli in their environment.
